Abstract VACTERL, the prototype for associated congenital anomalies, also has connections with functional issues such as pregnancy losses, prematurity, growth delays, perinatal difficulties, and parental subfertility. This segues into a broader association with similar connections even in the absence of malformations. DNA methylation disturbances in the ovum are a likely cause, with epigenetic links to individual components and to folate effects before conception, explaining diverse fetal and placental findings and providing a link to fetal origin hypothesis-related effects. The association encompasses the following: (1) Pre-and periconceptual effects, with frequent fertility issues and occasional imprinting disorders. (2) Early malformations. (3) Adverse pregnancy outcomes (APOs), as above. (4) Developmental destabilization that resolves soon after birth. This potentiates other causes of association findings, introducing multiple confounders. (5) Long-term fetal origins hypothesis-related risks. The other findings are exceptional when the same malformations have Mendelian origins, supporting a distinct pathogenesis. Expressions are facilitated by one-carbon metabolic issues, maternal and fetal stress, and decreased embryo size. This may be one of the commonest causes of adverse reproductive outcomes, but multifactorial findings, variable onsets and phenotypes, and interactions with multiple confounders make recognition difficult. This association supports VACTERL as a continuum that includes isolated malformations, extends the fetal origins hypothesis, explains adverse effects linked to maternal obesity, and suggests possible interventions.
Introduction
In 1972, Quan and Smith [1] described defects with Ba nonrandom tendency... to associate together,^soon expanded to VACTERL (vertebral, ano-rectal, cardiac, tracheo-esophageal, renal, and limb). This was the prototype for associations, teratogenic derivatives shaped by developmental constraints [2] . While physical defects have been the primary focus [3] , connections to prematurity, fetal growth restriction (FGR-third trimester weight and length deficiencies here), prenatal lethality, perinatal issues, and parental subfertility will also be shown, supporting an extended disorder. These findings are typically absent when the same malformations occur in Mendelian syndromes [4] , indicating a distinct pathogenesis.
The key finding here is a variable association of both structural and non-structural issues. This goes beyond a simple expanded VACTERL association, since those anomalies only occur in a minority of cases, and the same factors show mutual correlations even without malformations (Table 1) .
While gaps in our understanding of epigenetics make details uncertain, DNA methylation disturbances arising in the ovum are a likely cause, with links to individual components and folate-related issues that include fertility effects before conception. This explains diverse fetal and placental findings arising at different times, and rapid postnatal improvements consistent with ex utero epigenetic adaptations (BDNA methylation links^section, below). It also clarifies parental fertility links and justifies including later onset fetal origin hypothesis [5] effects.
Overall, this epigenetic association includes:
1. Pre-and peri-conceptual effects, with fertility issues and occasional imprinting disorders.
A variety of malformations arising early in development,
especially VACTERL anomalies, both as isolated and as concordant findings. 3. Adverse pregnancy outcomes (APOs), primarily miscarriages, stillbirths, prematurity, FGR, and perinatal difficulties, and possibly others as well.
A general developmental destabilization that enhances
other causes of malformations and APOs, introducing multiple confounders, and resolving soon after birth.
5. Fetal origin hypothesis-related risks that can become manifest during adult life.
Delineation here starts with APO correlations without malformations. This is validated, and extended, by showing the same relationships using both VACTERL defects and SUA (single umbilical artery) as independent markers for the disorder with separate pathogenetic origins. A discussion of epigenetic links follows, which helps justify fetal origin hypothesis links. Finally, insights from twins and issues related to severity, frequency, and recurrences add further details.
This may be one of the most common factors affecting reproduction, but multifactorial findings with variable onsets, protean phenotypes, and multiple confounders make identification difficult. However, recognition clarifies a variety of issues, and suggests interventions, including some targeted to assisted reproductive technology (ART). Growth issues from 28 to 33 weeks may also involve a particular form of stress potentially responsive to folate (BPossible interventions^section, below).
Interactions add complexity, and Fig. Fig. 1 represents a rough overview. Because different uses of the word association can be confusing, aside from quotes, I have reserved the term for the collective entity and used correlation for a statistical relationship. 
Nonstructural correlations
Correlations between prematurity, FGR, prenatal lethality, perinatal issues, and parental subfertility in the absence of malformations may extend to other disorders, especially preeclampsia, which is omitted because of difficulties in excluding secondary complications. As a start, growth delays with prematurity were originally recognized postnatally, e.g., 41% of 120 preterm infants had a birth weight and/or length 2 standard deviations below the mean for gestational age [6] . With the advent of accurate ultrasound biometry [7] , this was extended [8] , adding gestational age-related variations: Multiple parameters were delayed for very premature fetuses (24-29.9 weeks), but with moderate prematurity (30-36.9 weeks), much of the growth lag was later [9] . With prematurity, especially inducted, birth weights < 10th percentile were found in 30% of cases at 28 to 33 weeks, 15% at 22 to 24 weeks, and 19.6% at 34 to 36 weeks [10] . Differences here may be a clue to the timing of stressrelated effects (BLessons from twins^section, below). Similarly, fetal weight estimates at 32 weeks had a left skew and a lower median with prematurity compared to a normal distribution for term infants [11] .
Customized standards improved accuracy, showing growth restriction in 13% of spontaneous, and 32% of medically indicated, late preterm births [12] . The high rate of medical indications suggests an increased vulnerability to perinatal difficulties. And here, as Basso et al. [13] noted, Bthe association between birth weight and mortality is among the strongest seen in epidemiology. While preterm delivery causes both small babies and high mortality, it does not explain this association... If, as some postulate, birth weight is not itself on the causal path to mortality, its relation with mortality would have to be explained by confounding factors that decrease birth weight and increase mortality.^Weinberg [14] similarly suggested that links between birth weight and health outcomes may not be causal. However, susceptibilities soon resolve, consistent with an epigenetic switch to accommodate a new physiology (BAn epigenetic mechanism^section, below).
For stillbirths, Kapurubandara et al. [15] attributed 27% to congenital anomalies and 17% to growth restriction. For normally formed fetuses, FGR was the greatest risk factor [16] . A review found increased risks for perinatal death after one miscarriage, very preterm delivery after two or more, very preterm delivery and low birth weight after recurrent miscarriages, and preterm delivery with crown-rump length discrepancies [17] . Similarly, women with recurrent miscarriages had higher risks for preterm delivery, and for small for gestational age (SGA) infants with low Apgar scores [18] .
For fertility, an increased time to pregnancy is a risk factor for preterm birth, low birth weight, placental disorders, and other issues [19] . A meta-analysis confirmed prematurity [20] , and Zhu et al. [21] saw stillbirth rates of 0.3% for fertile, 0.4% for untreated subfertile, and 0.5% for treated subfertile couples and for spontaneous pregnancies with untreated subfertility, while Draper et al. [22] calculated a 3.3 adjusted odds ratio for perinatal mortality compared to normal fertility. Adjusting for age and parity, subfertile women had increased risks for low birth weight and preterm infants [23] .
There are also links to imprinting disorders [24] , with Bincreased prevalence of imprinting defects in patients with Angelman syndrome born to subfertile couples^suggesting a common cause for both [25] . Doornbos et al. [26] felt that increases in such disorders with assisted reproduction Bcan fully be explained by the increased fertility problems of the parents.^An imprinted gene polymorphism related to spontaneous abortions with assisted reproduction [27] supports other imprinting effects.
Associations with malformations
Malformation associations reflect teratogenic vulnerabilities and causes shaped by developmental constraints [2] , e.g., the thalidomide embryopathy is also an association determined by both dosage and timing, with different findings with exposures on days 22 and 32, for example, and by susceptibility, with some animals insensitive to the prominent human prenatal effects [28] .
In delineating a specific epigenetic association, APOs are mostly nonstructural and continuous, with definitional and ascertainment issues. However, malformations are distinct and less sensitive to other factors, making them useful markers.
VACTERL here refers to the associated acronymic idiopathic blastogenetic malformations (IBMs), primary structural anomalies arising during blastogenesis (from zygote formation until 28 days) [29] . As will be shown, the same APOs occur with both isolated and combined defects, supporting a continuum that includes single findings. Because major congenital anomalies are largely VACTERL defects, studies with birth defects as a general category are included here. However, there are some exceptions, e.g., isolated oral clefts were Bnot associated with impaired fetal growth or preterm delivery^ [30] .
BIdiopathic^excludes monozygous twinning and syndromic, chromosomal, and teratogenic causes. BPrimary^eliminates SUA, which is typically a later atresia [31] . SUA can also occur both with and without other malformations, so that APO correlations with this anomaly presumably represent an independent confirmation malformation-related associations.
VACTERL and adverse outcomes
To start, sporadic malformations typically show decreased birth weights [32] [33] [34] . This applies specifically to VACTERL [35] , anorectal [36] , and gastrointestinal abnormalities, both isolated and combined [37] , cardiac defects ranging from simple to complex [38, 39] , TEF/EA (tracheo-esophageal fistula/esophageal atresia) [40] , and radial findings alone [41] , or with other anomalies [42] . Confirming differences between sporadic and genetic cases, newborns with isolated idiopathic preaxial polydactyly type I had lower birth weights than matched controls and familial cases [43] .
Preterm deliveries (before 37 weeks of gestation) also increased with birth defects in general, and more with multiple than with isolated defects [44, 45] . A prematurity odds ratio for syndromic multiple findings was 0.9, but 1.5 for isolated anomalies [46] . Since syndromes are more often genetic, this again supports greater adversities with idiopathic anomalies than with genetic causes.
Specific defects with preterm increases include anorectal anomalies [47] , TEF/EA either isolated or associated [40] , longitudinal limb reductions [48] , and congenital heart disease at varying frequencies according to type [49] . Oral clefts with other findings (but not when isolated) also showed high rates of both prematurity and SGA [30] .
Contrawise, premature infants have higher risks for birth defects [34] . Dolan et al. [50] emphasized Boverlapping outcomes^that Miquel-Verges et al. [45] extended to Ba complex interaction between the development of birth defects, prematurity and intrauterine growth.F or prenatal deaths, aneuploidy, the primary cause of early clinically unrecognized lethality, and about half of all later losses [51] , is a confounder with all lethal phenotypes [52, 53] . However, exclusion still leaves considerable early losses with findings ranging from a few membranes, to an empty sac, with or without a cord stump, to a disorganized embryo, to multiple defects, to a single anomaly [54] . So, for 221 successfully karyotyped early missed abortions, 56 were euploid, 20 with growth disorganization, and 20 with single or multiple anomalies (the latter including 3 amniotic bands, which are disruptions, not malformations) [55] .
As the number of previous spontaneous abortions increased, so did miscarriages, but aneuploidy decreased even with rising maternal ages [56] . With three or more consecutive losses, missed abortions on transcervical embryoscopy showed less aneuploidy than controls, but almost 80% of euploid embryos had either structural anomalies or growth disorganization [57] .
With ongoing losses, malformation rates in the survivors progressively declined, but more slowly than aneupoldy decreased. Of 544-s trimester miscarriages, only 1.3% were aneuploid, while 71 had malformations, with 49 isolated [58] . Excluding 8 isolated club feet as deformations, clinodactyly and facial dysmorphism as later non-blastogenetic findings, and 11 SUA as secondary atresias, leaves 9.6% with anomalies, still high.
Serious birth defects rose from 2.5% with no prior pregnancy loss to 4.2% with three or more [59] . A 15-fold increased stillbirth risk with isolated ultrasound-detected anomalies more than doubled if growth restriction was also present [60] . Late secondtrimester miscarriages with malformations also occurred about 3 weeks before those without [58] . For typically euploid sirenomelia, 47% of cases were liveborn, 71.2% premature, and 88.2% at under 2500 g, while 8% of informative cases were from multiple gestations, and 5% had diabetic mothers [61] , consistent with involvement of the early hypocellularity that is a risk factor for VACTERL [4] .
Opitz [62] stated that blastogenetic defects, particularly in associations, tended to be highly lethal, and had low recurrences. However, except for neural tube defects, blastogenetic anomalies, including VACTERL defects, had increased maternal histories of spontaneous abortions, leading Martínez-Frias and Frias to suggest that recurrences might not be rare [63] .
Adverse perinatal effects can reflect malformations, low birth weight, prematurity, and other confounders, but may also represent a continuation of prenatal susceptibilities, so that Bcongenital anomalies in preterm birth are associated with a higher rate of pregnancy complications and are an independent risk factor for neonatal morbidity and perinatal mortality^ [64] .
Fertility effects are difficult to document, but parental subfertility was seen with VACTERL [35] , and with anorectal defects with other major anomalies [47] . Similarly, singletons born of infertile couples had increasing congenital anomalies with rising times to pregnancy [21] , which was also an independent risk for birth defects [65] . This also held for ART in a meta-analysis [66] .
Single umbilical artery
While SUA is heterogeneous, a secondary atresia is the most common form [31] , separating it from primary malformations, and providing a second type of association marker. The atresia probably reflects an early hypocellularity, as seen with conditions such as monozygotic twinning and maternal diabetes. This reduction, although not a direct cause for anomalies, is a predisposition to IBMs [4] , and is a likely risk factor for other adverse pregnancy outcomes.
Correlations with early malformations are well established. Idiopathic SUA had a 20% incidence with TEF/EA plus two or more other VACTERL findings [67] , as did 8% of VACTERL cases ascertained through radial anomalies [68] . Increases also occurred with isolated TEF/EA [69] , and anorectal [70] , renal, vertebral [71] , and cardiac defects [72] .
A meta-analysis found an increased incidence of SGA with SUA, both with or without preterm birth [73] . Isolated SUA rates rose with increases in growth restriction and prematurity in singletons [74] and twins [75] . With SUA without aneuploidy, malformations, low birth weight, and prematurity increased, and at least 36% of increased perinatal mortality was without malformations or low birth weight [76] . In hospital autopsies, SUA increased with malformations without aneuploidy, and with SGA fetuses [77] .
Isolated SUA was also an independent risk factor for adverse labor and delivery outcomes [78, 79] , perinatal mortality (where there were also parental histories of subfertility) [80] , and for a poor outcome with congenital diaphragmatic hernia [81] .
Contradictory results, even for SUA meta-analyses [73, 82, 83] , are hardly surprising: Rates and findings vary with ascertainment, type and degree of investigation, and populations. Heifetz, in his landmark study [84] , noted that Bthe incidence of SUA in autopsy series is about twice the incidence in prospective series. SUA has a much higher incidence among malformed, stillborn, or spontaneous abortuses than among apparently normal, liveborn, or induced abortuses.Ŝ till, overall SUA correlations with IBMs, FGR, prematurity, losses, perinatal issues, and parental fertility issues are consistent with a specific association. However, as with malformations, it most likely represents a marker for a secondary potentiation from an embryonic hypocellularity [4] .
Epigenetic factors: background
In trying to tie together these diverse findings, epigenetics seems to be the most plausible common factor (below). Although other aspects may also be involved [85] , the focus here is on DNA methylation, the best understood effect. This can also encompass spatial modifications [86] with in vivo interactions [87] .
Somatic cell modifications are typically initiated and maintained by DNA methyltransferases [DNMTs] that repress transcription by adding CH 3 to cytosine at a cytosine phosphorylated to guanidine (CpG) site [88] . Genome-wide effects are indicated by quantitation of repetitive DNA sequence methylation, especially long interspersed nuclear element-1 (LINE-1) and short Alu [89] . S-adenosylmethionine provides DNA methyl groups as transmethylation pathways intersect at methionine formation from homocysteine, connecting choline, methionine, methyltetrahydrofolate, and vitamins B-6 and B-12 [88] .
Ethnic, ancestral, and population differences [90, 91] , and maternal nutrition effects [92] , support multifactorial contributions. BGenotype alone best explained~25%... the best explanation for 75% of VMRs [variably methylated regions] was the interaction of genotype with different in utero environments, including maternal smoking, maternal depression, maternal BMI, infant birth weight, gestational age, and birth order^ [93] . Even monozygotic twins have significant CpG site methylation profile differences, the largest component Battributed to the combined effects of nonshared intrauterine environment and stochastic factors^ [94] . Alternatively, outliers with disrupted methylation at many CpG sites [95] show variable discontinuous effect as well.
DNA methylation links
An epigenetic pathogenesis is consistent with multiple placental and fetal effects [96] , and is supported by connections between DNA methylation and individual components:
1. Subfertility includes methylation-based imprinting disorders [24, 25] , and an imprinted gene polymorphism is related to spontaneous abortions with assisted reproduction [27] . 2. For IBMs, normal developmental regulation connects fetal DNA methylation with congenital heart disease [97] . Differential methylation of a CpG locus in a cardiac morphogenesis gene was linked to perimembranous ventricular septal defects [98] , and a DNMT 1 polymorphism affected risks for great artery transpositions [99] . Epigenetic factors are also related to kidney and urinary tract anomalies [100] , and hyperhomocysteinemia, which affects DNA methylation, causes birth defects [101] . 3. With early pregnancy losses, DNMT 1 expression and global DNA methylation were reduced in chorionic villi, so Bthat insufficient embryonic maintenance methylation is associated with abnormal embryonic development in human early pregnancy loss^and Bled to a decreased implantation rate of embryos, increased fetal absorption, and poor fetal and placental development^ [102] . 4. For prematurity, two different aberrant DNA hypomethylation patterns suggest a heterogeneous pathophysiology [103] . With 6-19-week cervical DNA, increased methylation of prostaglandin E receptor 2 gene (PTGER2) showed longer gestations, while repetitive long interspersed nuclear element-1 Homo sapiens-specific (LINE 1-HS) were shorter. Maternal blood LINE-1 methylation at the end of the first, but not the second, trimester was correlated with prematurity [104, 105] . Third-trimester DNA methylation around 16.1 and 29.5 weeks decreased in 15 of 24 genes with spontaneous preterm delivery. Preterm FGR showed the lowest methylation, and preterm delivery mothers had lower dietary choline, a major source of methyl groups for DNA modification. 5. DNA methylation links to fetal growth issues [106] include expressions of genes involved in energy homeostasis in placentas and cord blood in SGA newborns [107] . Chorionic villi DNMT3A protein was downregulated with early embryo growth arrest [108] , and a promoter polymorphisms for the gene correlated with spontaneous abortion risk [109] . A correlation of low birth weight and cord blood DNA methylation disruption was more common with in vitro than in vivo conception, suggesting that Bsome individuals are more susceptible to environmentally mediated epigenetic alterations^ [95] , although this could also reflect a higher incidence of predisposed fetuses in the in vitro group. 6. A rapid postnatal reduction in vulnerabilities is consistent with acute ex utero epigenetic shifts, e.g., DNA methylation establishes postnatal pancreatic β cell glucose-stimulated insulin secretion [110] , and some highly prenatally expressed imprinted transcripts decrease after birth [111] . A similar effect occurs with imprinted disorders: Hypoglycemia in 30-50% of newborns with Beckwith-Wiedemann syndrome typically resolves within the first 3 days of life [112] , while transient neonatal diabetes mellitus had a 1-day modal onset, and remission at 2 months [113] .
Folate and methylation
A central role for folic acid, which is crucial for methylation, provides additional evidence for connections between epigenetic factors and association components. For fertility, there are absolute physiological needs for endogenous folate in oocytes and before the two cell blastocyst stage [114] . Low folate and environmental effects on methylation around the time of conception are seen in animal models [92] , and vitamin B 12 , which is also involved in the onecarbon pathway, can be influential as well [115] .
Silvestris et al. [116] suggested pre-conception oxidative stress effects on DNA methylation involving the one-carbon cycle. Human follicular fluid folate suppresses inflammation and upregulates a high-density lipoprotein pathway source for steroid hormone synthesis [117] . Low folate also increases follicular fluid homocysteine, causing oocyte immaturity and poor early embryo quality, Bwhile methylenetetrahydrofolate reductase (MTHFR) gene variants [are] associated with lower ovarian reserves, diminished response to follicular stimulation, and reduced live birth after in vitro fertilization… [I]mbalances in folate metabolism and related gene variants may impair female fecundity as well as compromise implantation and the chance of a live birth^ [118] .
High versus low maternal folate intake gave a 0.80 adjusted relative risk for spontaneous abortion [119] . Folate only before conception reduced growth delays, preterm births [120, 121] , adverse perinatal outcomes [122] , and links to fecundability [123] . Maternal periconceptional one-carbon metabolism links to human embryonic growth and development [124, 125] , and a 62% lower fecundability among women born before 34 weeks themselves [126] support pre-fertilization effects. Similarly, a role for folate in autism prevention [127] may be related to preventing autism-related issues, such as prematurity [128] , but there are also indications of direct connections to oocyte and early embryo methylation [129] .
With ongoing developmental epigenetic methylation, later folate deficiencies can affect an already compromised fetus throughout pregnancy, and supplementation improved perinatal outcomes only when began pre-conception and continued beyond 12 weeks of pregnancy [123] . This combination of early and late effects might explain Bmixed^findings with intervention studies [130] .
Folate connections to the association are also supported by maternal obesity effects. Since serum folate levels are inversely related to pre-pregnancy body mass [131] , association findings would be expected, and do occur. Despite late macrosomia with obesity-related metabolic disturbances, there is excess growth restriction early on [132] , as well as increases in limb reductions; anorectal, renal, and cardiovascular anomalies [133] [134] [135] ; fertility issues [136] ; prematurity; early losses and stillbirth; and possibly perinatal difficulties [137] .
Fetal origin links
The fetal origin hypothesis and its derivatives connect prenatal problems with postnatal disorders, including heart disease, hypertension, stroke, type 2 diabetes, and behavioral and mental issues. Environmentally caused growth delays and prematurity were first cited [5] ; more recently, maternal stress, even without primary fetal issues, has been implicated [138] . Interactions are possible, and there may be other mechanisms as well, e.g., adenosine toxicities with oxidative stress [139] .
But whatever the trigger, epigenetic responses are shown by extensive animal and human evidence Bthat prenatal stress could lead to lasting, broad and functionally organized signatures in DNA methylation which, in turn, could mediate exposurephenotype associations^ [140] . DNA methylation also affects typical late effect disorders such as cardiovascular disease and diabetes [141, 142] , linking both long-and short-term effects.
As a result, epigenetic disruptions could increase fetal issues and adult onset methylation-related effects. Animal and human findings show Bthat dietary availability of methyl donors has an impact on the patterns of gene expression by affecting DNA methylation at regulatory regions,^with chromatin acting as a Bnutrient sensor^ [87] . With this, multiple newborn CpG methylations correlated with maternal plasma folate levels in pregnancy. Most affected genes lacked known connections to folate, but Bsome relate to birth defects other than neural tube defects, neurological functions or varied aspects of embryonic development^ [143] . This is a plausible adaptation to intermittent food scarcities when reproduction is hard to sustain. Here, a lower maternal folate can cause infertility, APOs, and, perhaps incidentally, long-term epigenetic issues. If scarcities continue, folate remains low, complicating later pregnancy issues [115, 125, 126] . However, if food becomes more available, outcomes and survival will improve.
In support, a 1944-1945 Dutch famine Bmarkedly reduced... conceptions resulting in birth^after about 2 months, with immediate recovery with adequate food [144] , and altered DNA methylation patterns linked to growth and metabolism in surviving fetuses as adults [145] . Similarly, smaller infants and increased prematurity were seen with seasonal scarcities in The Gambia [146] .
Possible links between short-and long-term DNA methylation effects suggest testable hypotheses about adult disorders:
1. Connections to parental subfertility, with smaller sibships and longer inter-pregnancy intervals. 2. An ongoing process with parental subfertility suggests increased adult risks to siblings of propositi.
Lessons from twins
Twins offer further insights into epigenetic effects. First, hypocellularity, an apparent risk factor for SUA and associated APOs (above), can normalize: Despite an initial monozygotic division, late growth curves are the same for twins and singletons [147] until a 31-33-week twin deceleration consistent with crowding occurs [148] .
Second, there is support for maternal influences on all members of a pregnancy: A discordance in about 20% of pairs that begins a bit earlier than the overall deceleration leads to an 18% or greater birth weight difference, with adverse effects regardless of zygosity that include increased perinatal mortality, individual morbidity, and composite perinatal morbidity for both twins [148] .
Third, there are indications of specific times for fetal stress. Late association effects coincide with preparations for postnatal life that are largely achieved by 34 weeks or so [149] , including what Ellison [150] calls a metabolic crisis as the placenta fails to keep pace with increasing energy demands, leading to the upregulation of fetal compensatory systems, including increased fetal corticosteroids. These stresses would accentuate epigenetic vulnerabilities. This may also apply to singletons, since non-induced SGA preterm births show a similar period of increasing issues with a greater frequency between 28 and 33 weeks of gestation compared to 22 to 24 weeks and 34 to 36 weeks [10] .
Severity, frequency, and recurrences
Severity varies, with correlations between different findings. Rates and average numbers of major malformations rose as birth weights fell [33, 151] , and idiopathic multiple defects had higher fetal death rates than isolated [152] . Stillbirths also occurred in 2.5% of isolated euploid TEF/EA but 10.1% with additional major malformations [40] . Similarly, prematurity rates are higher with multiple than with isolated birth defects [46] , and increased congenital anomaly risks with multiple births rise with the early death of a co-twin [153] . Even without IBMs, growth delays were earlier for very premature fetuses than for moderate [9] .
Variability makes frequencies difficult to ascertain, but some clues do exist. At a minimum, using major malformations for ascertainment, substantial correlations with adverse outcomes indicate that an appreciable percentage of recognized anomalies are likely to involve association effects. This also applies to typically unrecognized, but even more common, very early euploid losses [57] , and to associated APO dyads, e.g., about a 15-20% incidence of FGR with prematurity [10, 12] , and in 20% or more of stillbirths without defects [11, 13] .
Specific factors can expose latencies. High versus low quintile maternal folate intake gave an adjusted relative risk of 0.80 for spontaneous abortions [119] . Similarly, a small embryo may be more sensitive to additional perturbations, and embryonic hypocellularity [4] probably contributes to a ≥ 25% discordance in 15% of monochorionic twins that represented Bthe optimal cutoff^for predicting stillbirth and neonatal mortality [154] .
Overall, frequencies seem substantial, but specifics are uncertain. However, in the future, it may be possible to obtain statistical determinations through multifactorial [93] or discontinuous [95] methylation variations.
Severity and frequency also affect estimated recurrences indicated by ongoing fertility issues and positive family histories, while variable manifestations make ascertainment an issue. Pregnancy stresses can be crucial for expression, giving female biases [155] , with links between preterm pregnancies and later maternal cardiovascular disease [156] and lower fecundability among women born early themselves [126] .
Multifactorial contributions are likely, e.g., epigenetic modifications can be transmitted over generations [157] [158] [159] , and folate metabolic polymorphisms are common (above).
Possible interventions
The proposed association suggests detectable high vulnerability subgroups involving both intrinsic and extrinsic factors that may benefit from monitoring and interventions.
Advances in analyzing DNA methylation patterns in single blastocysts [160] may make it possible to detect susceptible embryos before implantation, and placental biopsies may help detect modifiable aspects of ART with adverse effects [161] .
While the efficacy of supplemental folate, both before and after fertilization, is well known, detection of at-risk groups may justify particularly aggressive approaches in specific cases. Timing-related effects may be important clues here, and the detection of abnormal growth from 28 to 33 weeks in both twins and singletons (BLessons from twins^section, above) suggest trials of additional folate.
Conclusions
A distinct association of structural and non-structural findings includes 1. Pre-and peri-conceptual, with frequent fertility issues and occasional imprinting disorders. 2. IBMs, including both isolated and combined VACTERL defects, supporting a continuum that extends to single anomalies. A paucity of related findings when the same malformations have Mendelian origins shows a distinct pathogenesis. 3. APOs such as prenatal lethality, prematurity, growth delays, and perinatal difficulties. 4. Developmental destabilization that resolves soon after birth. This enhances certain teratogenic disturbances, and a variety of specific causes of APOs, introducing multiple confounders. 5. Fetal origin hypothesis-related risks.
Epigenetic disturbances of DNA methylation in the ovum are a likely cause: Low maternal folate is a major risk before conception, and if deficits continue, later effects are enhanced, while embryonic hypocellularity and maternal and fetal stress potentiate findings. Embryos with methylation issues should be especially vulnerable, suggesting targeted interventions.
Frequencies and recurrences are uncertain, with variable interactions, non-specific and protean findings, timing differences, and multiple confounders obscuring recognition. Still, this may be one of the commonest contributions to adverse reproductive outcomes-at the very least, correlations involving malformations indicate a major role in the production of birth defects.
It is hardly novel to see the complex roles of folate metabolism pointing towards possible reproductive interventions. However, understanding the proposed association may facilitate the targeting of high-risk groups with tailored therapies.
